After an increase in capital investment in UK sewers to reduce hydraulic capacity problems, the proportion of sewer flooding incidents now linked to blockages has increased. It is clear that if sewer operators are to continue to reduce flooding incidents, then better blockage management is now required. Sewer blockage formation is poorly understood; blockages are intermittent and occur in a number of circumstances. This paper reports on the development of low-cost acoustic instrumentation that can identify the location of a pipe blockage and then estimate the local head loss as a result of the presence of a blockage. A set of experiments were carried out in two fullscale laboratory pipes. The pipes' condition was altered by inserting blockages of different sizes.
INTRODUCTION
In the UK the underground sewer system totals some 300,000 km in length. Water companies need enhanced information on sewers to manage efficiently their dayto-day performance. The operational condition of sewer systems can change over time due to blockages caused by sediment and fats. The incidence of pipe blockages has been linked to flooding and other service failures. Currently, it is very difficult to gather sufficient timely information on the condition of a sewer pipe to pro-actively prevent hydraulic failure due to blockage.
In the UK flooding caused by hydraulic overload has been progressively tackled through capital investment; 'flooding other causes' has now become an increasingly significant mode of service failure. Analysis by Arthur et al. () showed that in England and Wales, there were around 25,000 sewer blockages of which 13% resulted in internal property flooding. Water companies are therefore now looking for new ways of reducing these incidents through means such as modelling to identify blockage 'hot-spots', and CCTV inspection to locate developing blockage problems, followed by pro-active sewer jetting.
In contrast to flooding due to hydraulic overload, 'flooding other causes' problems commonly exist on small diameter local sewers, which make up by far the largest proportion of any sewer network. Given this fact it is not sufficient to focus inspection resources on the 20% or so of 'critical' sewers as is the current recommended guidance (WRc ). Current visual inspection technologies, developed to identify structural failures are limited by cost and time. Different technology is needed that will work quickly and economically to identify the presence of blockages and then estimate the impact that this can have on the flow capacity of individual pipes. Furthermore, the inspection and cleansing required is not a one-off activity.
Having identified areas at risk it is important to regularly check for progressive blockage development and intervene again at the right time, before flow capacity deteriorates to a level that flooding occurs. Traditional CCTV techniques are not the ideal means of doing this, being relatively slow and expensive. As a result, a better alternative is required to provide information on the presence of a blockage and its impact on pipe flow. Blanksby et al. () carried out an analysis of historical water company customer complaints and mapped this onto CCTV records to examine the causes of flooding incidents over a range of sewer sizes. Their study indicated that the majority of flooding incidents were in smaller sewers, and that the majority of these were caused by intermittent blockages rather than structural failures. The analysis also indicated that collapses were proportionately more prevalent in smaller sewers, but that the incidence of structural problems was low with around only 2% of the CCTV surveyed lengths showing signs of structural deterioration. They concluded that it would be difficult to generate a pro-active cleaning routine based on prior predictions as the data indicated that the location of blockages generally could not be linked to a structural defect and so was thought to be linked with either the local hydraulic conditions, or sources of high levels of silt and fat inputs. It appears that continual monitoring may provide a better answer to managing sewer blockages rather than some predictive tool due to the intermittent nature of the processes that are involved in pipe blockage formation.
Several modelling approaches have been developed in order to predict the likelihood of occurrence of sewer blockages and failure. Savic et al. () used data-driven techniques to derive statistical relationships to predict the likelihood of sewer blockages for different pipe classes. They used data from asset and customer complaint databases to develop and demonstrate these relationships. These techniques do not however identify individual locations within a catchment but indicated raised risk of blockage formation in pipes with particular characteristics. Arthur et al. () examined the statistical significance between pipes with a high incidence of observed blockage and various factors. The study used data from a small catchment and considered each failure separately. The selected catchment had an existing sewer network model and hydraulic outputs from this model were combined with incidents in a customer complaints database. Analysis indicated that the risk of blockage was related to predicted locations of flooding and low flow velocities; it was also shown that there was a statistical link to enhanced blockage formation in smaller sewers.
In spite of these computational approaches, the need for direct inspection to identify sewer blockages is clear due to the intermittent nature of blockage development and the inability to clearly identify the location of individual blockages. This paper reports on the development of a low-cost sensor system that can identify the location of a sewer pipe blockage and then estimate the local head losses due to the blockage.
CONCEPTUAL FRAMEWORK Hydraulic elements: head loss due to walls and local losses
The history of friction factor estimation dates back to the mid 19th century. In 1857, Darcy and Weisbach (Moody ) established a strong correlation of energy loss in fullflowing pipes due to wall friction effects:
where h f is the head loss due to pipe wall friction, f is the dimensionless Darcy-Weisbach friction factor coefficient, L is the pipe length, D is the pipe diameter, V is the average flow velocity, and g is the acceleration due to gravity. It should be noted that this equation should only be used for full pipes with steady-state, turbulent flow. For the laboratory experiments described below, partially full pipes (pipes with free surfaces) were used, so the Darcy-Weisbach friction factor is presented in terms of hydraulic radius (R) instead of pipe diameter:
where s f is the friction slope and is equal to pipe bed slope, for pipes with free surface, steady, uniform flow conditions present in a pipe without any blockage. In the case of a pipe with non-uniform flow conditions created by a blockage the following technique for obtaining an estimate of the local head loss (specific energy loss), h f at the blockage was used:
where h f is the local specific energy loss V 1 and V 2 are the experimentally estimated cross-section average velocities at the pipe locations upstream and downstream sections of the section containing the blockage, respectively. Hence, h and z are the experimentally measured water depths and pipe elevations and their value of the measured local flow depth and flow rate can be used to calculate the local mean flow velocities. By estimating the local energy loss and its position it is then possible to calculate the reduction in flow capacity in any pipe caused by such a local energy loss.
Acoustic elements: reflected energy
We will attempt to link the local head loss discussed in the previous section with the acoustic energy reflected in pipes that contain a blockage. The acoustic energy can be obtained from the reflected acoustic intensity, from a signal produced by a single source, and measured by a pair of microphones. The acoustic intensity is a vector quantity with the direction identical to sound wave propagation (Jacobsen ). The time-dependent acoustic pressure responses recorded by a pair of microphones, p 1 (t) and p 2 (t), which are separated by known distance Δ, the instantaneous intensity vector is described by the following equation:
wherẽ
is the acoustic velocity vector, n is the normal with identical direction to sound propagation, ρ 0 ¼ 3:432 × 10 À3 ðp a =TÞ, T is the temperature in Kelvin, and p a is the current atmospheric pressure.
The acoustic pressure responses recorded on a pair of microphones were used to calculate the instantaneous acoustic intensity according to the method detailed above. The instantaneous intensity was filtered in a narrow frequency band and presented as a function of the distance d ¼ tc 0 , where t is the time and c 0 is the sound speed in air. A separate temperature probe was used to determine the temperature in the pipe. This temperature value was used to calculate accurately the sound speed from the following expression c 0 ¼ 343:2 ffiffiffiffiffiffi T 293 q (Bies & Hansen ). The sign which the instantaneous intensity takes determines the direction in which the sound energy propagates.
Here it is assumed that the negative sign of the intensity corresponds to the incident (outgoing) wave radiated by the speaker and the positive sign corresponds to the reflections which return from the pipe containing the blockage to the microphone array.
The above instantaneous intensities were used to determine the energy content in the recorded acoustic data for a range of pipe conditions. For this purpose the intensity data taken from the six microphone pairs were normalised so that the intensity minimum corresponding to the incident sound wave was set to min{I (t)} ¼ À1 for all measured data. The positive part of the intensity corresponds to that reflected from cross-sectional changes that occur in the pipe. The total reflected acoustical energy in the wave reflected in the direction of the sensor can then be determined from the following expression:
Effectively, integral (6) includes the reflected energy which occurs due to the pipe wall roughness and the blockage present in the pipe.
EXPERIMENTAL APPARATUS
The experiments were conducted in two different full-scale sewer pipes located in the Hydraulics Laboratory at the University of Bradford. One pipe was a sloping 24 m long clay pipe with circular cross section of 150 mm in diameter. The pipe was constructed from a number of 615 mm long clay pipe sections with sealed socket type connections. The bed slope of this circular pipe was fixed at 0.01 for all experiments. This represents a realistic slope in the field for small diameter sewers. The pipe was divided into three sections. The upstream section was 5 m long which allows the flow regime to fully develop to form uniform conditions. The middle section was 14 m long which is the experimental part containing the blockage, has an entry in the top of the pipe where model blockages will be placed to simulate a local roughness. The entry does not change the pipe crosssectional shape. The downstream section was also 5 m long and it serves to separate the experimental flow section from the outlet pipe effect. A second series of experiments were conducted in a sloping inclined 20 m long plastic pipe with circular cross section of 290 mm in diameter. This pipe was constructed from a number of 2,000 mm long sections with sealed socket type connections. The bed slope of the plastic pipe was also fixed at 0.01 for all experiments. This pipe had an entry at the top of the pipe at 9 m from the pipe inlet so that different models could be placed at this location to simulate local head losses.
Cast concrete models were used as surrogate blockages to simulate local obstructions and to introduce a local flow roughness to the flow. The model blockages took the form of a sector of a circle and were placed in the pipe invert. The models were made from a sand and cement mixture. For the 150 mm pipe, the model samples were 100 mm long (L m ) and ranged in height (B) 15, 30, 40, 55, and 60 mm to represent the pipe cross-sectional area blocked (A B ) from 10% to 40% of the original pipe cross-sectional area. For the 290 mm pipe, the model samples were 200 mm long and had heights (B) of 20, 30, 40, 50, 60, 70 90, and 110 mm. This provided a pipe cross-sectional area blocked from 7 to 38% of the original pipe cross-sectional area.
The concept of the measurement method is to measure reflected acoustic energy; this is reflected from a range of artefacts within a pipe e.g. joints and wall roughness, as well as any discrete blockage and the resulting water level profile. Two different pipes (clay with joints and plastic with minimal joints) were used so that the influence of joint construction and pipe wall material could also be examined.
Hydraulic procedures
In each test a steady discharge, controlled by an upstream butterfly valve located in the inlet pipe to each test pipe, was introduced and maintained. At the downstream end of each pipe the time to fill a tank of a known volume was used to determine the volumetric flow rate. In each pipe, three experimental steady flow regimes were used with discharges (Q) of 0.42, 1 and 1.8 l/s for the 150 mm diameter pipe and 3, 13 and 32 l/s for 290 mm diameter pipe. These flow rates resulted in a uniform water depth (h) of 17, 23, 32 mm for the 150 mm diameter pipe and 31, 63, 98 mm for the 290 mm diameter pipe, in the absence of the model obstructions. This ensured that similar proportions of area obstruction were achieved in both pipes for these hydraulic conditions. In the experiments with no blockages the uniform depth was determined when the water slope equalled the bed slope. The water depth along each pipe was monitored by the use of non-equidistantly spaced piezometers. In experiments with blockages, the majority of the piezometer readings were gathered before and after the blockage so as to provide accurate data on the streamwise water depth variation caused by the local obstruction. The local water level data were used to calculate the local velocity given the measured flow rate and the geometry of each pipe.
Acoustic procedures
Once the required hydraulic conditions had been achieved, the acoustic sensor was inserted into the pipe and attached to the soffit of the pipe at either the upstream or downstream end. The acoustic sensor contained a speaker and microphone array that were oriented towards the opposite end of the pipe. The sensor was connected via a coaxial cable to a laptop (Horoshenkov et al. ) . A MatLAB code was written to generate a chirp sound through a 4-channel VX-Pocket soundcard. The output was amplified and emitted by the speaker. The emitted signal was reflected from any blockage in the pipe, detected by the 4-microphone array, digitised by the sound card and deconvolved using the laptop so that the acoustic pressure impulse response of the pipe could be determined. The distances between the microphone pairs were chosen to be much smaller than the wavelength (Horoshenkov et al. ) . The sum of all microphone pairs was used to determine the acoustic intensity (Fahy ) . All of the acoustic measurements were repeated at least three times. Acoustic data were collected for flow conditions with and without blockages. In total, 36 experimental conditions were examined.
RESULTS

Hydraulic data
The experimentally measured hydraulic data conditions for the 150 and 290 mm diameter pipes with and without the presence of the model blockages are presented in Table 1 .
In this table, the model blockage heights are labelled as B. The values of the measured water depth used to estimate head loss caused by the blockage (h f ) were located immediately upstream of the blockage (location 1, h 1 ) and downstream of the blockage where the water returns to uniform flow conditions (location 2, h 2 ) For the 150 mm pipe the water depth measurement points were located at 6.5 and 12.1 m and the downstream face of the block was located at 7.1 m from the pipe inlet. For 290 mm pipe the points were located at 8.91 and 14.6 m and the downstream face of the block was located at 9.2 m from the pipe inlet.
Recorded water level at point h 1 and h 2 were used to calculate the local hydraulic conditions to determine the Reynolds numbers (Re 1 and Re 2 ), local Froude Number (Fr 1 and Fr 2 ) and the local head loss associated with the blockage, see Equation (4). From the values of Froude number at location 2 it can be seen that in all the experiments the flows downstream of the blockages were in the supercritical flow regime, so that there is no hydraulic jump effect after the blockage. The head loss h f estimated the head loss due to flow over the blockage and as the flow regained its uniform depth.
The ratios of blockage height just upstream of the blockage to pipe diameter ðh 1 =DÞ and the blockage area to pipe cross-sectional area (A B =A p ) are presented in the last column of Table 1 . The water depth data for one of the flow rate conditions (Q ¼ 0.42 l/s) in the 150 mm diameter pipe is shown in Figure 1 . The figure clearly demonstrates that the water depth is uniform for the flow condition without a model blockage. However, with the introduction of blockages of different sizes, it can be noted, that the trend for the water depth increases significantly upstream of the blockage and rapidly decreases immediately downstream the blockage. The above water level behaviour is recognised for all experiments with a pipe blockage. Figure 2 illustrates the effect of blockages with increasing height (h) on the streamwise pattern of total energy for one flow rate. The total energy at locations were calculated using the local flow depths, the measured flow rate and the measured pipe slope. The figure shows error bars associated with bed slope and water depth measurementsthese were estimated from the standard deviation from repeated water depth measurements. This indicated that an error of 5% of the measured water depth was reasonable. Due to the model blockage, the water depth increased upstream of the blockage, where the energy loss with streamwise distance is minimal. It is clear that the local energy loss at the blockage is dependent on the blockage height if the flow rate is maintained. Table 2 presents the local head loss and acoustic energy data for all experimental conditions, as well as the generalised forms for these parameters.
Local energy loss
A non-dimensional value of head loss in relation to the head loss for the same section of clean pipe (h f À h c f =h c f ) is presented in Table 2 . The head loss for a clean pipe condition is denoted as h f c , which was calculated from Equation (4). The acoustic energy (ET) was calculated for the all the experiments and analysed in the frequency range of 100-750 Hz. The presented acoustic energy is the least mean square value of upstream and downstream readings from all the repeated experiments. A non-dimensional acoustic energy value (ET À ET 0 =ET 0 ) relative to clean pipe conditions is presented in Table 2 . ET 0 is the acoustic energy content for the same pipe and discharge (uniform velocity), although without the presence of a blockage. This was done so that the influence of reflections from joints and pipe wall roughness could be removed from the analysis. The term ðET À ET 0 =ET 0 Þ therefore represents the amount of additional reflected energy relative to that reflected in a clean pipe with the same flow discharge. The negative non-dimensional head loss values appear for three flow regime cases (Table 2) for the smallest block. These values appear due to the overall 4% error of water depth readings.
Examining the data in Table 2 it is clear that when even the smallest blockage (7% of pipe cross-sectional area) is introduced into the pipe the measured amount of reflected energy is always at least 180% larger than the measurement when there was no blockage. The data also indicate that the level of reflected energy increases with increasing discharge in both pipes but the level if increased is negligible in comparison with the increases observed when blockages are introduced into the pipe. It is therefore clear that the increases in the level of reflected energy observed when blockages are used is significantly higher than the levels associated with pipe wall and joint condition and the flowing water.
Acoustic spectrogram
To identify the frequency-dependent behaviour of the reflected intensity and those sections of the pipe that caused these reflections to occur, intensity spectrograms were produced as shown in Figure 3 for all the tests. Darker areas in these spectrograms correspond to stronger acoustic reflections, whereas white areas correspond to sections of the pipe that caused little or no reflections. Figure 3 demonstrates that for an increase in obstruction height (reflection from an obstacle at 7 m) results in an increase in the strength of the reflected signal for the range of frequencies selected. For empty pipe conditions (no blockage), but with the presence of water, no energy reflection in any of the selected frequency range occurs. Small reflections visible at 0.5 m corresponds to a poor joint connection in the 150 mm pipe. In this paper, the reported values of reflected energy correspond only to reflections caused by the blockage placed at 7 m in the 150 mm diameter pipe. 
Relation of acoustic monitoring to hydraulic elements
The links between various hydraulic parameters, the nondimensional reflected acoustic energy and the non-dimensional geometric measures of the blockages was explored. The non-dimensional relative acoustic reflected energy ðET À ET 0 =ET 0 Þ was found to be related to geometrical parameters such as blockage height to pipe diameter, and blockage area to pipe area (Figure 4) . It is clear the measured acoustic response is responsive to all the geometric parameters in Figure 4 . There is slightly more scatter in the water depth to pipe diameter data for the 290 mm diameter pipe than the 150 mm diameter pipe.
By examining the results further, Figure 5 and 6 shows the dependence of the non-dimensional reflected acoustic energy on the non-dimensional hydraulic local energy loss calculated by Equation (4) for the 150 mm pipe and 290 mm pipe. Both of the pipes follow a similar pattern for all the experiments, where the data are dependent on flow discharge and pipe size. These dependencies are expressed as exponential functions and have R  values, calculated in the accepted form between 0.97 to 0.99. There are slightly better correlations between the hydraulic energy loss and the acoustic data than the geometrical changes and the acoustic data. The above results indicate that the prediction of pipe geometrical parameters due to the blockage and the local head loss caused by a blockage is valid for a range of relative blockage sizes (7-40% of the original pipe cross-sectional area) and in pipes with different diameters and joint conditions for a range of flow rates and joint conditions. The acoustic measurement method can therefore be used to estimate the size and location of a local energy loss and so with limited additional calculation this information can be used to determine the reduction in flow capacity in pipe caused by a single blockage. This information can also be imported into a sewer hydraulic network model to characterise a local energy loss so can aid the modelling of the impact of a real blockage on localised flooding.
CONCLUSIONS
A series of laboratory experiments were carried out in order to demonstrate that instrumentation could be developed that could identify the location of pipe blockages, estimate the local energy losses caused by that blockage and so provide data that could be used to estimate the impact of that blockage on pipe flow capacity. A low-cost acoustic sensor consisting of a low power speaker and four microphones was manufactured and used to measure the total reflected energy in two laboratory pipes of different diameter, wall material and joint configuration. A series of systematic experiments were conducted in which the head loss and total reflected acoustic energy were measured for a range of differently sized pipe blockages at different flow rates. The data indicated that as the blockage size increased local head losses increased, and that as the water depth was increased for a fixed blockage size the local energy losses decreased. This corresponded with previous work. By considering the whole data set it was shown that the acoustic energy can be used to determine directly the local hydraulic energy loss caused by a single blockage in a pipe for a range of blockage sizes and flow conditions. This estimate of head loss, and the location of the blockage can be related and can then be used to estimate the reduction in pipe flow capacity caused by the presence of a single blockage. A simple empirical relationship was proposed. The measurement method appears to be insensitive to reflections caused by pipe wall and joint conditions and from the free surface of the water in a partially filled pipe. Given that the acoustic energy can be independently measured either from upstream or downstream end of the pipe and involves measurements that take only tens of seconds to accomplish, the use of a simple acoustic sensor located within a pipe can therefore be used to track the development of a blockage within a combined or stormwater sewer pipe. The use of such simple sensing technology offers the opportunity for sewer network manager to pro-actively monitor developing blockages and so act in a timely fashion before such blockages cause such a large reduction in flow capacity that sewer flooding occurs. The use of such sensors allows for the continual monitoring of blockage development that is not possible using existing numerical models of sewer networks or inspection techniques.
